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Project Abstract 
This project will examine inert matrix fuels containing ZrO2 and MgO as the inert matrix, 
with the relative amount of MgO varied from 30 % to 70 % in ZrO2.  Reactor physics 
calculations will be used to examine suitable quantities of burnable poisons from the 
candidate elements Gd, Er, or Hf with reactor grade Pu providing the fissile component, 
with up to 10 % of 239Pu.  Ceramics will be synthesized and characterized based on the 
reactor physics results.  The solubility the fuel ceramics, in reactor conditions, 
reprocessing conditions, and repository conditions, will be investigated in a manner to 
provide thermodynamic data necessary for modeling.   
The fuel matrix will be designed based on neutronic properties, repository 
behavior, and reprocessing characteristics.  The matrix should be as neutron transparent 
as possible.  Burnable poisons will be used to maintain constant reactivity.  The matrix 
should also act as a suitable host form for fission products and actinides in a repository 
environment.  Finally, the matrix should be compatible with reprocessing schemes under 
development in the advanced fuel cycle 
 
Work performed in previous quarter (January 2005 to March 2005) 
Magnesium and zirconium ceramics were produced with erbium and cerium in 
the matrix by a refined precipitation method yielding large quantities of ceramics at good 
precision. The ceramic ratios were chosen to find the solubility point of the zirconia 
matrix.  Analysis of the ceramic materials was performed to determine the phase 
structure.  Studies on the neutronic properties of the inert fuel matrix were also 
performed.   
 
Work performed in current quarter (April 2005 to June 2005) 
 
The synthesis of ceramics for further studies is ongoing.  The development and 
finalization of methods and equipment for conducting dissolution experiments have been 
achieved in the current quarter.   
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Zirconium Ceramic Fuel 
Prototype zirconium ceramic fuel was produced through several reproducible 
steps. Initially, nitrate salts of zirconium, magnesium, erbium, and cerium were dissolved 
in deionized water and treated with ammonium hydroxide to precipitate metal 
hydroxides.  The resulting precipitate was dried at 80oC before being ground to a fine 
powder using a planetary ball mill. Metal oxides were formed upon calcination of these 
fine powders at 700C for 1.5 hours (as shown by amorphous XRD patterns). Zirconium 
based fuel pellets were then formed after removing calcined powers, which were ground 
and pressed into cylindrical shapes. XRD patterns were taken from these powders 
confirming that the crystal structure is cubic zirconia. 
  
Pressure Vessel Sampling Method 
A pressure vessel was purchased from Parr and fitted with a custom sample draw 
tube constructed from stainless steel components (Figure 1). The sample extraction 
system allows 5-10 mL liquid samples to be drawn while the vessel is under pressure. 
Following each sample extraction the tube is cleaned with an Argon flush and allowed to 
cool. The Argon line is fitted to a custom high pressure 6000 psi regulator and 
commercially available tank, that allows pressure testing of the vessel before heat is 
applied. Full sealing does not occur until the Teflon gasket has been thoroughly heated 
thus expanding into the vessels mating surfaces. 
 
 
Figure 1.  Pressure Vessel 
 
Figure 2.  Acid Reflux Vessel 
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Ceramic Solubility in Reprocessing Conditions 
Two systems were constructed for the purpose of simultaneous studies of ceramic 
fuel pellet solubility (Figure 2). The apparatus is designed to reflux nitric acid for 
extended periods of time without harm to most components. Samples can be extracted 
from the system using a glass syringe with Teflon plunger or a disposable plastic syringe, 
depending on the acid concentration. Future studies involving this apparatus can include 
elemental analysis of the ceramic constituents. 
 
Reactor Physics Calculations 
One of the major design challenges associated with utilization of inert matrix is 
deterioration of the temperature coefficients and control materials reactivity worth caused 
by high thermal cross-section of Pu and consequent hardening of the neutron spectrum. 
The purpose of the investigation reported in this section is to estimate the potential of 
addition of different burnable poison (BP) materials to improve reactivity feedback 
coefficients without significant deterioration of control materials worth. Therefore, each 
parameter was evaluated for all BP design options. For each design option, i.e. BP 
material and geometrical arrangement, one design was selected, that with sufficient 
loading of BP material to ensure operationally acceptable maximum soluble boron 
concentration. These BP loading values were determined previously in the current 
project.  
Main design parameters are summarized in Table 1 for WABA (1.A), IFBA (1.b), 
and Homogeneous (1.C) design options. Additional details may be found in previous 
progress reports; designations of the design options shown as the case #, are kept 
consistent with the Task 3 progress report.  
In addition to cases with practical BP loading for each design option and selected 
from the previous work the same set of reactivity coefficients for cases with BP loading 
reduced roughly by 20% was calculated. This is in order estimate the sensitivity of the 
reactivity coefficients to the BP concentrations and by that to evaluate the potential of 
each BP material and design to improve these coefficients.  In Tables 1.A – 1.C, the cases 
with the reduced BP loading are designated as “x.1”, where x denotes the case number.      






Inner / outer radii of 
BP ring (cm) 
BP material 
in BP region 
(vol./o) 
Number 





1 No BP - - 0 0.00 
13 WABA-Gd-9 0.33379 / 0.46895 100 24 21.08 
13.1 WABA-Gd-9.1 0.33379 / 0.46895 80 24 16.86 
16 WABA-Hf-3 0.33379 / 0.46895 100 24 27.24 
16.1 WABA-Hf-3.1 0.33379 / 0.46895 80 24 21.79 
19 WABA-Er-3 0.33379 / 0.46895 100 24 24.32 
19.1 WABA-Er-3.1 0.33379 / 0.46895 80 24 19.46 
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Table 1.B: IFBA cases 
 





in BP region 
(vol./o) 
Number of BP 
rods per assembly 
Total weight of BP 
(kg/assembly) 
25 IFBA-Gd-4 0.0160 100 264 2.78 
25.1 IFBA-Gd-4.1 0.0160 80 264 2.22 
26 IFBA-Hf-1 0.0160 100 264 3.24 
26.1 IFBA-Hf-1.1 0.0160 80 264 2.59 
27 IFBA-Er-1 0.0160 100 264 3.63 
27.1 IFBA-Er-1.1 0.0160 80 264 2.90 
 
Table 1.C: Homogeneous cases 
 





in BP region 
(vol./o) 
Number of BP 
rods per assembly 
Total weight of BP 
(kg/assembly) 
30 HOMO-Gd-3 - 2.0 264 7.17 
30.1 HOMO-Gd-3.1 - 1.6 264 5.74 
37 HOMO-Hf-1 - 1.0 264 9.26 
37.1 HOMO-Hf-1.1 - 0.8 264 7.41 
46 HOMO-Er-1 - 2.0 264 4.13 
46.1 HOMO-Er-1.1 - 1.6 264 3.30 
 
The potential of different burnable poison materials and geometrical arrangements to 
improve the reactivity coefficients of fertile free fuels was calculated with BOXER 
corresponding to 18 months fuel cycle length. The main design challenges of fertile free 
fuel (FFF) include:  
- Positive Moderator Temperature Coefficient (MTC) 
- Significantly reduced Doppler Coefficient (DC) 
- Significantly reduced Soluble Boron Worth (BW)   
Two reservations must be made regarding applicability of the results presented in this 
report. 
1. All reactivity coefficients have large sensitivity to the soluble boron concentration 
in the coolant. The calculations in this task were performed by “guessing” soluble 
boron concentration to approximate the real conditions. The boron concentration 
in the actual core may be different. Therefore, values obtained in this task may 
serve only as a guideline for comparing different fuel options on the consistent 
basis. 
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2. The used computation methods themselves may introduce significant 
uncertainties in evaluation of FFF reactivity coefficients as concluded from the 
series of computational benchmarks for various Fertile Free Fuel unit cells [1]. 
Although, the most important findings in the current research task were verified 
by Monte Carlo neutronic simulations and found to be in good agreement with 
BOXER results. 
 
The results of calculations, performed in this task, can be summarized as follows: 
 
MTC: 
1. FFF for a No BP case shows small and positive MTC at BOL. 
2. WABA-Gd shows a negative MTC of a reasonable value close to a standard 
LWR core. 
3. IFBA-Gd and HOMO-Gd cases show unacceptably large and positive MTC 
values. 
4. Hf and Er BP materials show a potential to improve MTC, where all Er designs 
seem more efficient in "correcting" the MTC value. 
5. For all BP materials and geometries simultaneous burnout of Pu and BP results in 




1. As expected, the DC of Pu loaded FFF is reduced to ~1.0 pcm/°C as compared 
with ~2.0pcm/°C for conventional All-U fuel. 
2. No dramatic influence of BP on DC is found, with exception of a modest 
improvement for Er cases (up to -1.6 pcm/°C) 




1. The well-known effect of BW reduction was also observed.  In comparison with 
the reference All-U fuel, the BW is reduced by approximately a factor of 2 to 3 
due to the presence of Pu. 
2. Hf and Er in Homogeneous and IFBA configurations show modest potential of 
increasing the BW. Otherwise, addition of Gd burnable poison slightly reduces 
the BW.  
3. The effect of increasing BW towards the fuel EOL as a result of fissile isotopes 
depletion was found to be much more pronounced in FFF than in All-U fuel, 
which may potentially cause power peaking problem in FFF core. 
 
In conclusion, Pu loaded FFF showed potential feasibility to be used in existing PWRs. 
All FFF problems may be significantly mitigated through the correct choice of BP 
material and configuration. Based on the performed analysis, it was found that a 
combination of BP materials and geometries may be required to meet all FFF design 
goals. The use of enriched (in most effective isotope) burnable poisons, such as Er-167 
and Gd-157, will further improve the BP effectiveness and reduce the fuel cycle length 
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penalty associated with their use. However, these findings can be confirmed only by 
performing a full core 3-dimensional neutronic analysis. The final result of the next stage 
of this research will be the choice of acceptable FFF core fraction with appropriate mix of 
BP designs. This result will be obtained and verified by a full core 3-dimansional 
simulation and fuel cycle analysis.      
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